Streptococcus mutans and certain other oral lactic-acid bacteria were found to have the ability to carry out malolactic fermentation involving decarboxylation of L-malate to yield L-lactic acid and concomitant reduction in acidity. The activity was inducible by L-malate in S. mutans UA159 growing in suspensions or biofilms. The optimal pH for the fermentation was c. 4.0 for both suspensions and biofilms, although the pH optimum for malolactic enzyme in permeabilized cells of S. mutans UA159 was close to 5.5. Although malate did not serve as a catabolite for growth of S. mutans, it did serve to protect the organism against acid killing and to maintain ATP pool levels during starvation. Alkalinization associated with malolactic fermentation resulted in pH rise or increased need to add standardized HCl solution to maintain a set pH value in pH-stat experiments. The net conclusion is that malate has the potential to be effective for alkalinization of dental plaque, although the fermentation is sensitive to fluoride and triclosan, which are commonly added to oral care products.
Introduction
Malolactic fermentation (MLF) carried out by Oenococcus oeni has been studied in great detail because of its importance in the wine industry as a secondary fermentation following alcoholic fermentation by yeasts. In the process, dicarboxylic L-malate is converted to monocarboxylic L-lactate and carbon dioxide with resultant flavor improvement and reduction in the acidity of the wine. The fermentation can be carried out also by a variety of other lactic-acid bacteria (LAB) including members of the genera Lactobacillus, Leuconostoc, and Streptococcus. Decarboxylation of L-malate is catalyzed by the malolactic enzyme (MLE), which requires NAD and Mn 21 for activity (Strasser de Saad et al., 1988) . The fermentation can be coupled to ATP synthesis by the membrane F(H 1 )-ATPase because decarboxylation results in alkalinization of the cytoplasm, which allows for entry of environmental protons through the FATPase. ATP synthesis can be associated also with malate/ lactate antiport coupled to F(H 1 )-ATPase (Poolman et al., 1991) . While reviewing the sequenced genome of Streptococcus mutans UA159, it was noted that the oral streptococcus has a gene (SMu 0123) coding for a MLE similar in base sequence to genes for the enzyme in other LAB (Ansanay et al., 1993; Denayrolles et al., 1994) . In this paper, evidence is presented that, in fact, S. mutans and certain other related oral streptococci are able to carry out MLF and to synthesize ATP in association with malate decarboxylation.
Materials and methods

Growth of bacteria
Streptococcus mutans UA 159, Streptococcus sobrinus 6715, Streptococcus sanguis NCTC 10904, Streptococcus gordonii ATCC 10558, Streptococcus salivarius ATCC 13419, and Lactobacillus casei ATCC 4646 are maintained routinely in the laboratory of the authors with weekly subculture on trypticsoy agar (Difco Laboratories, Detroit, MI) and long-term storage at À 70 1C in 50% (v/v) glycerol solution. Suspension cultures were prepared by growing cells in tryptone-yeast extract (TY) medium (Belli & Marquis, 1991) supplemented with 25 mM glucose and 50 mM L-malate, until early stationary phase when maximal malolactic activity was reached. Biofilms of S. mutans UA 159 were prepared by growing cells on standard microscopic glass slides in batch cultures as described previously (Phan et al., 2000) . The slides were placed initially in TY medium plus 1% (w/v) sucrose for the first 4 days with daily transfer to new medium. On the last day before an experiment, the biofilms were transferred to TY medium supplemented with 25 mM glucose and 50 mM Lmalate, pH 6, for the induction of MLE activity.
Assay for MLF and MLE activities
Suspension cells were harvested at the early-stationary phase of growth, washed once with salt solution (50 mM KCl11 mM MgCl 2 ), and starved in 20 mM potassium phosphate buffer, pH 7, at 37 1C for 1 h. Cells were then collected by centrifugation (6000 g, 15 min, 4 1C) and suspended in the same buffer at a cell density of c. 1.1 mg cell dry weight mL À1 . The prepared cell suspensions were titrated to the desired pH values. MLF was initiated by mixing 9 mL of prewarmed (at 37 1C) cell suspension with 1 mL of prewarmed 500 mM L-malate (50 mM, final concentration). The reaction mixture was incubated at 37 1C for 1 h during which aliquots were removed at intervals and centrifuged rapidly in a microcentrifuge (16 000 g, 2 min, 4 1C).
The L-malate in the supernatant fluid was assayed enzymatically using L-malic acid kits from Boehringer Mannheim (Darmstadt, Germany). This assay is specific for L-malate and is based on measurement of changes in absorption of light of 340-nm wavelength associated with NADH production from NAD 1 catalyzed by L-malate dehydrogenase. MLF by biofilm cells was assessed in the same way as that for suspension cells. Intact biofilms on slides were harvested by removing them from their growth tubes and then washing them twice with salt solution. Three slides were used for the malolactic-fermentation assay in 50 mL of prewarmed and pH-adjusted 20 mM of potassium phosphate buffer containing 50 mM of L-malate. The malolactic activity was expressed as micromole of L-malate decarboxylated per hour per milligram of cell or biofilm dry weight.
Malolactic enzyme activity was measured using cells permeabilized by treatment with 10% (v/v) toluene and two cycles of freezing and thawing as described previously (Belli & Marquis, 1991) . Procedures described by Herrero et al. (2003) were followed with some modifications. Briefly, the assay was performed at 37 1C with cells in 100 mM potassium phosphate buffer at desired pH values, containing 0.1 mM MnCl 2 , 0.5 mM NAD 1 , 30 mM L-malate, and 1.5 mg cell dry weight of permeabilized cells per milliliter. The reaction was started by adding L-malate to the mixture. At intervals, 0.5-mL aliquots were removed and added to 0.05 mL of 60% perchloric acid to stop the reaction. The L-malate in the mixtures was determined as described above after neutralization and centrifugation of the perchloric acid-treated samples (Sheng & Marquis, 2006) . The specific enzyme activity was expressed as micromole of L-malate decarboxylated per hour per milligram of cell dry weight.
Assay for base production from L-malate fermentation MLF involves the decarboxylation of L-malate to L-lactate and carbon dioxide. Alkalinization of the environment caused by MLF was evaluated in two ways: one consisted of following pH rise in the cell suspension with use of a glass pH-electrode and meter; the other involved titration of the base produced under pH-stat conditions with standardized HCl solutions. The cell suspensions of S. mutans UA 159 were prepared the same way as those for MLF described above except that the cells were suspended in salt solution instead of in potassium phosphate buffer, and the cell density was greater at c. 1.5 mg cell dry weight mL À1 . The suspension pH was adjusted to 4.0. L-malate was added to yield a final concentration of 25 mM. Base production was estimated by recording amounts of standardized HCl solution required to maintain the pH value of 4.0 at 37 1C.
Protection against acid killing
Protection by malate of S. mutans against acid killing at pH 2.5 or 3,0 was evaluated following the protocol described in detail by Sheng & Marquis (2006) . Briefly, washed cells of S. mutans were suspended in salt solution at a cell density of 0.4 mg cell dry weight mL À1 , followed by titration of the suspension to a pH value of 2.5 or 3.0. The suspensions were then incubated at room temperature in the presence or absence of 25 mM L-malate for 3 h. At intervals, 100-mL samples were taken, serially diluted in 1% peptone broth (Difco Laboratories, Detroit, MI) at pH 7 and spread plated on tryptic-soy agar (Difco). The plates were incubated at 37 1C anaerobically for at least 48 h to allow for colony development and counting.
Assay for cytoplasmic pools of ATP
Cytoplasmic ATP levels of S. mutans during the MLF were determined by the standard ATP bioluminescence assay described by Sheng & Marquis (2006) . 
Results
L-malate induction of MLF
The capacity of S. mutans cells to carry out MLF was found to be inducible as indicated by the data presented in Fig. 1 for cells grown in TY extract medium in static culture at 37 1C with 25 mM glucose initially and with the levels of L-malate indicated. Results are expressed in terms of micromole of malate decarboxylated per milligram of cell dry weight per hour. The products of malate metabolism were CO 2 and L-lactate. As shown, the initial concentration of L-malate required for 50% induction of malate-degradative capacity was c. 5 mM, and induction was maximal at a concentration of 25 mM. A similar pattern of induction was found for biofilms with 50% induction by c. 7 mM L-malate. D-malate was not metabolized by S. mutans and did not serve to induce MLF (data not shown).
Effects of environmental pH on MLF
As shown by the data in Fig. 2a , the optimal pH for MLF by intact cells of S. mutans UA159 in suspensions was c. 4.0 when fully induced cells were tested with initially 50 mM L-malate. If the pH value was reduced to 3.0, the rate of degradation of L-malate was still about one third the maximal rate, while at a pH value of 7 it was only some 10% of the maximal value. Thus, acidification of the environment favored MLF by S. mutans. Surprisingly, MLF by biofilms of the organism was somewhat more sensitive to acidification to a pH of 3.0 but still had an optimum pH value close to 4.0 (Fig. 2b) . Biofilms metabolized L-malate more slowly than did cells in suspensions, at about one third the rate. This result is expected and is in line with findings for glycolysis by biofilms vs. suspensions (Phan et al., 2004 ). An initial interpretation is that MLF by biofilms is diffusion limited but other factors may be involved.
The pH-activity profiles for MLF by suspension cells and biofilms appeared to reflect DpH across the cell membrane because, as shown by the data in Fig. 2c , the optimum pH for MLE in permeabilized cells was somewhat below 6, and activity was minimal at pH 4. In contrast, the alkaline arm of the pH-activity profile indicates that MLF at higher pH values by intact cells is actually somewhat less than might be expected from the characteristics of the enzyme. Malate was degraded optimally by intact cells of S. mutans at environment pH values of about 4. However, because of DpH across the cell membrane due to proton pumping by the F-ATPase, the pH value within the cells would be higher and closer to optimal values for MLE. Thus, acid tolerance of MLF by intact cells appears to depend in part on DpH across the cell membrane maintained mainly in oral streptococci by the F-ATPase.
MLF by other oral LAB
The data presented in Table 1 indicate that a capacity for MLF may be common among oral LAB. As might be expected, L. casei cells in suspensions had the lowest pH optimum, between 3.0 and 3.5, and the highest specific activity, 46 mmol L-malate catabolized per milligram of cell dry weight per hour. The oral streptococci all had lower values for catabolic rates and higher pH optima. Streptococcus sanguis NCTC 10904, which is noted for low acid tolerance, showed a pH optimum of about 5 and a maximal rate of only about 8.6 mmol mg À1 h À1 . Streptococcus gordonii ATCC 10558 had essentially no capacity for MLF, at least under the conditions of experiments of this study. The conclusion is that a number of organisms in dental plaque could contribute to decarboxylation of L-malate.
Malate protection against acid killing
Malate alone did not prove to be a sufficient catabolite for growth of S. mutans UA 159 in suspension cultures or biofilms. However, it did serve to protect the organism against acid killing at pH values of 2.5 and 3.0 (Fig. 3) . Malate also acted to preserve the ATP pools of the organism during starvation and also for renewal of ATP pools after starvation (Fig. 4) . Thus, malate served a function similar to that of catabolites such as glucose in protecting cells against acid killing (Sheng & Marquis, 2006) . This protection is likely to be due to ATP production in association with MLF at low pH values. Malate not being able to serve as a growth catabolite is likely to be related mainly to the minimal pH for growth of S. mutans of about 5 (Belli & Marquis, 1991) , which is not optimal for MLF by intact cells. Alkali production and pH rise When S. mutans UA159 in suspensions or biofilms metabolized L-malate, the pH values of the systems rose steadily ( Fig. 5a and b) . The production of alkali responsible for pH rise could be assayed also by titration of the base produced with standardized HCl solution under pH-stat conditions ( Fig. 5c and d) Effects of inhibitors N,N 0 -dicyclohexylcarbodiimide DCCD at a concentration of 1.0 mM effectively blocked ATP synthesis associated with malolactate fermentation, presumably because of inhibition of F(H 1 )ATPase. Fluoride, which is widely used in oral care products and is a known transmembrane conductor of protons in the form of HF (Marquis et al., 2003) , progressively inhibited ATP production by S. mutans UA159 cells in suspensions from malate at pH 4 with almost no inhibition at a concentration of 0.01 mM and a 50% inhibitory concentration of c. 0.1 mM. Triclosan, also used widely in oral care products, was found to be an effective inhibitor of MLF by S. mutans UA159 with an ID 50 of about 0.1 mM at pH 4. Thus, although MLF can be effective for raising the pH value in suspensions and biofilms, the process is sensitive to antimicrobials added to oral care products. 
Discussion
A system for MLF was found to be metabolically active in cariogenic S. mutans and also in some of the other oral, LAB tested. The system is inducible by L-malate, which is a major acid in fruits such as apples and also in certain other foods. The inducibility of the system by L-malate is common among Lactobacillus organisms (Lonvaud-Funel, 1995) but not for Lactobacillus collinoides (Arthurs & Lloyd, 1999) . Substrate inducibility would allow for turning on and turning off the system in dental plaque. The acid pH optimum found for MLF in intact cells of S. mutans appears to be in part related to the pH-activity profile of MLE of S. mutans, which is similar to that found for MLE of other LAB, but very different from that of malic enzyme, which yields pyruvate rather than lactate and is not active at pH values as low as 4.0 (Battermann & Radler, 1991) . No evidence of malic enzyme activity was found in S. mutans but extensive investigations of the possibility were not carried out. Another component of the acid tolerance of MLF, which occurs at pH values as low as 2.5, involves the capacity of the organism to maintain DpH across the cell membrane at these low pH values (Sheng & Marquis, 2006) so that the enzyme in the cytoplasm is exposed to less acid pH conditions than those of the environment.
Overall, it appears that malate may be a useful agent for alkalinization of cariogenic dental plaque. The capacity of S. mutans UA159 to catabolize malate at acid pH values of about 4 is actually greater that its maximal glycolytic capacity (Sheng & Marquis, 2006) . The malate/lactate antiporter of LAB is an example of a decarboxylation-driven virtual proton pump of the type first described by Maloney et al. (1994) for the oxalate-formate antiporter of Oxalobacter formigens. Alkalinization of the cytoplasm derives initially also from cytoplasmic production of CO 2 and diffusion of H 2 CO 2 or CO 2 itself out of the cytoplasm and ultimately into any gas phase in contact with the bacterial system. Additional research is needed to define in more detail the peculiarities of the physiology of MLF by S. mutans and other oral, LAB and the potential of the system to moderate plaque acidification. However, the data presented here do indicate clearly that MLF can be an important component of the acid-tolerance responses of S. mutans.
